Abstract-The huge progress of power electronics technology along last decades opens extraordinary new possibilities for the electric grid. Some examples of what can be achieved with the incorporation of electronic power converters in the system are the penetration of RS (renewable sources) and storage, boosting reliability and power quality, and integrating consumers as part of the system. However, there are still some challenges ahead before the massive deployment of Smart Grids.
I. INTRODUCTION
The scarcity of fossil fuels, global warming and the ever increasing electric demand are some of the critical reasons for the need of a prompt transition towards Smart Grids. They offer a structure where high penetration of renewable resources and storage is feasible and can be managed smartly. Distributed generation and power on site will allow both a cost-effective growth and an increase in efficiency and reliability of the grids. Also the complex integration of EV (Electric Vehicles) is more suitable in this context, where communication, cooperation and forecasting are possible.
The basis of the Smart Grid concept is the massive integration of power converters into the system (Fig. 1 ). This has important advantages like dynamical independence and controllability. Therefore AC and DC microgrids can be seen as single loads or sources, and they can be linked together shaping the Smart Grid. Many different architectures, communication systems and energy management strategies have been proposed. One of the most popular approaches is the hierarchical architecture with DBS (DC Bus Signaling) control [1] , [2] . DBS is a distributed strategy that allows parallel connection of power sources to the bus by means of voltage droop control [3] . Thus, the bus voltage level works as a communication parameter that gives information about the power balance in the microgrid. According to this information, several states are defined for each interface converter, which will change their behavior to regulate the bus voltage, provide or consume current or to disconnect itself from the bus. As the control design of each converter is independent, this strategy is suitable for Plug&Play operation.
Due to the characteristics of DBS, the converters work in a wide range of conditions: the voltage will vary as a function of the current flowing through the bus, and the current can take any value below the limits. Furthermore, their behavior will drastically change according to the different defined states. Therefore, in many cases the use of the small-signal model of a converter working in a particular operation point will not be enough to satisfy a sufficient accuracy.
From a blackbox perspective, the Wiener-Hammerstein model has been proposed for this purpose. It is comprised of three blocks: one represents the nonlinear static behavior of the converter and the other two represent the dynamic of the input and the output by means of linear models [4] , [5] . For converters showing significant dynamic nonlinearities, the polytopic model has been proposed. In [6] it is demonstrated its capability to accurately model power converters with strong nonlinearities.
This paper extends the analysis of polytopic models to system level modeling of DC microgrids. Its performance to model a microgrid comprised of different power converters 978-1-5090-0737-0/16/$31.00 ©2016 IEEE working with DBS is studied along the different possible states of the system. Changes in the operation mode of the converters, the models of voltage and current controlled converters, and changes in the power level of MPPT (Maximum Power Point Tracking) controlled converters are investigated. Finally, the suitability of the polytopic model to test system level control strategies is also explored.
II. DC MICROGRID CHARACTERISTICS
In order to achieve the goals previously proposed, each converter can define different states according to the bus voltage and adjust the droop parameter. In Fig. 2a the standard configuration of the main interface converters is depicted. The grid interface converter will always work as a voltage source and the nominal bus voltage will correspond to the zero current of this converter. The droop parameter will be defined by this point and the rated current of the converter. With this configuration the power balance of the microgrid is reflected by the deviation of the bus voltage from the nominal value. The configuration of the rest of the converters is not straightforward.
The RS interfacing converters, Fig. 2b , should always work with the MPPT technique, so the curve will be dynamic, depending on the generated power. However, in case the microgrid is unable to absorb all this power, it must adjust its control to regulate the bus voltage instead. This excess of power is reflected as a bus voltage close to the maximum, so at this area a second state should be defined to work with voltage droop control as well. Finally, for the batteries interfacing converters, Fig. 2c , there are many possibilities. It can be taken into account the SOC (State Of Charge) of the battery, the priority of supply between the battery and the grid, optimal battery charge and discharge profiles, etc.
As it can be extrapolated, many different combinations may arise depending on the power generated by the RS, the SOC of the batteries, the power demanded by the loads, the control strategy implemented, etc. So it is important to have proper models in order to design and verify the microgrids in all the possible situations.
A microgrid will typically integrate RS, EV and selfbatteries, loads and the grid. In case of critical loads presence, also NRS (nonrenewable sources) might be included. The objectives to supply the loads are the consumption of maximum energy from the RS, maintaining the batteries charged, and demanding minimum energy from NRS. The grid is often considered as an infinite buffer of energy able to manage the differences between the own microgrid power generation and demand.
Traditionally, central controllers have been used in order to satisfy all these goals optimally. However, this approach is not quite aligned with the microgrids concept because it establishes single point of failures like the central controller and the communication system. In addition, the growth of the system generally involves redesigning the controller and a higher computational effort. On the contrary, decentralized controllers offer reliability and ease of expansion at the expense of an optimal behavior of the system. DBS is a hybrid strategy that maintains the independence of controllers but includes some communication using the bus voltage level. By using droop control, the bus voltage contains information about the amount of current flowing through the bus and also its direction. Thus it has the same benefits of a decentralized architecture, while the performance is improved due to the knowledge of the power state of the system.
III. POLYTOPIC MODEL
The idea behind this modeling approach is to describe the behavior of nonlinear systems obtaining small-signal models in different operation points and integrating them in a nonlinear structure by means of weighting functions. These models have been previously explored and validated in some applications [6] - [8] , but a deeper analysis is required. There are several choices when it comes to design the polytopic model of a power converter. First, if the details of the converter are available, either state-space average or two-port models can be used as local models [9] . Nevertheless, this is not often the case in electronic power converter based systems, so in this paper blackbox two-port models are considered. In [10] - [12] the methodology to obtain these models is analyzed. Also, the weighting functions associated with each small-signal model, w
, can be designed independently for the different variables taken into account, v 1 , v 2 , and multiplied afterward to obtain the two-dimensional weighting surfaces,
of each small-signal model. In general, the variables taken into account in the weighting functions will be equal to the inputs of the two-port models, but it is not a necessary condition. Actually, in [8] it was shown how for sharp load steps, a variable of the kind v = d(s)x gave more accurate results, as the transfer function d(s) can introduce information about the large-signal internal behavior of the converter. Finally, each small-signal model is multiplied by its corresponding weighting function, and the output of the nonlinear model will be the sum of all these weighted contributions of the small-signal models.
For electronic power converters the natural choices for the input variables are some of the input and output voltages and currents; however any variable is possible if relevant. The number of variables should be kept to a minimum because they increment exponentially the number of local models needed and, accordingly, the computational effort required for simulations. There is not a strong theoretical base to define which operation points should be selected or how many. A possible approach would be to choose some of the relevant ones, taking into account the type of converter and the values in which they will be used, and compare the Bode plots. Afterwards, if the shape of the plot is different, more points should be taken into account in the middle, otherwise if only the gain differs, a suitable design of the weighting functions should provide accurate results.
For the weighting functions there are also various possibilities, providing that their value is restricted to the range [0, 1] and the sum of all of them is always equal to the unity. The most common functions for this kind of application are the triangular function, which takes the unity value in the operation point in which the small-signal model was obtained and decreases linearly until it becomes zero in the adjacent ones and beyond; and the double-sigmoid function as the nonlinear option. The latter is used in this paper due to the flexibility that its parameters offer, these parameters are the slope and the center of the sigmoid. Finally, there is not a mature methodology to tune the parameters of the weighting functions of the different small-signal models. In this work, as initial conditions, the intermediate value between adjacent selected points is always used for the center of the sigmoid and the minimum slope that reaches the unity value at the selected point. After, the model is compared with the target converter under different steps of the variable studied in order to further adjust the parameters.
A. Renewable source converter
The converters interfacing RS should use MPPT control in order to utilize all the energy available. However, in case the nanogrid is not able to absorb this amount of power, they must change their control strategy to deliver just the power that is needed. Therefore, in those cases the converter will work regulating the bus voltage by means of droop control technique (see Fig. 2b) .
In order to model a converter with different control strategies, it is necessary to obtain a model for each of them. In general a polytopic model of the converter working with each control strategy will be obtained, which will consider as many small-signal models as needed to model the behavior of the converter around the operating points of interest.
Modeling a converter with droop control was considered in [8] . G-parameters were used as the two-port small-signal models so the input voltage and output current were used as variables. Strictly speaking the droop parameter should be another input variable, however, in order to reduce the number of signals taken into account, its effect was approximated by modifying the dc value of the output voltage according to the droop equation (Fig.4) .
Similarly, G-parameters can be used for the converter with MPPT control and the behavior of different power levels can be approximated by defining the dc output voltage as a function of the RS power:
Accordingly, the input current, the other output variable, must be adjusted. Assuming the efficiency does not change considerably, the new input current could be modified as follows: where I inDC2 is the input current with the new power level, P 2 , and I inDC1 is the input current with the power level at which the model was obtained, P 1 , (Fig. 5) .
The transition between this two control techniques can be performed with weighting functions or by switching according to suitable conditions. The former is usually more appropriate considering the transition nature. The operating point around which the switch occurs, p 1 of Fig. 2b , will be determined by the intersection of the droop line and the constant power hyperbola in the V-I graph:
where V DC is the nominal voltage of the bus, K droop is the droop parameter, and P is the power delivered by the RS. Besides, in the moment of the switch the output voltage of the constant power model must be lower than the droop model to change from droop to MPPT and the opposite in the other direction. These conditions are depicted in Fig. 6 .
A buck converter using the previous detailed control technique has been designed in order to test the proposed modeling strategies, using V dc = 24 V, K droop = 0.15 and P = 150 W. Two events are of special interest in this case, the transition from droop control to MPPT control and power changes. The second event is shown in Fig. 8 . This time two different experiments are represented together, only changing the maximum power level from P 1 = 150 W, to P 2 = 200 W. The same two load steps are performed in both tests. After the first, in the case of P = 150 W the converter enter in MPPT control mode, whereas in the case of P = 200 W the converter stays using droop control. Finally, with the second load step the converter with P = 200 W also move to MPPT control. The proposed model is shown to be in good agreement with the switching model behavior, representing the dependence of the transition from droop to MPPT with the power delivered by the RS, and also the steady-state and dynamic behavior with precision.
B. Battery converter
The converters interfacing batteries will, in general, work with constant current or droop control. The more suitable two-port model for current controlled converters is the Yparameters (admittance parameters). It considers a Norton equivalent model both for the input and the output of the converter (Fig. 9) .
In case the output current is variable, the dynamic behavior of the converter under changes in the current reference should be included. In order to do so, two new transfer functions have to be included: 
where H oref (s) and H iref (s) can be obtained analyzing the output and input current small-signal response with current reference perturbations, when both the input and output voltages are kept constant.
In the next section these models will be used for systemlevel modeling. Also the integration of secondary-level control techniques into the polytopic model of the different converters will be discussed.
IV. SYSTEM-LEVEL MODELING
It is well-known that the connection of stable power converters may result in an unstable structure. Even if the new arrangement is stable, its dynamic behavior might be different than expected. G-parameters models have been used to assess the dynamic interference of interconnected systems [13] , [14] . This approach is very convenient for static systems, i.e. systems that mostly work in a certain operating point and their controls react against perturbations to maintain these conditions. However, in microgrids working with DBS, the wide range of operation conditions and the different states in which the converters may change their control strategy handicap the use of these small-signal models. The polytopic model is able to reproduce these phenomena and, besides, the models of the different converters are easily connected.
Furthermore, some works propose the implementation of a secondary-level control in order to deal with some of the drawbacks of the voltage droop control strategy. This secondarylevel control can perform voltage restoration of the bus or improve the current sharing among the converters using lowbandwidth frequency communication [15] . Fig. 1 depicts a microgrid scheme composed of three source converters that feed a 24 V bus: one connected to a renewable source, one connected to the grid or a higher level bus, and one connected to a battery. In addition, some POL (Point Of Load) converters are connected to the low voltage bus demanding variable power.
This microgrid has been designed using buck converters working with the control strategies previously detailed. Following the methodology described in [8] , a polytopic model of this microgrid has been obtained using a blackbox approach. The comparison can be seen in Fig. 10 . In this simulation both grid and RS converters has a K droop = 0.15. The solar panel is providing a power P = 150 W and the battery is recharging using constant current.
First, the RS converter is working in parallel with the grid converter using droop control. Despite they have the same droop parameter, K droop , their output current is different because they have different line resistances. At t = 5 ms there is a load step and the sources share the increase of current according to the droop control strategy. However, at t = 15 ms two simultaneous load steps cause that the RS converter switches to MPPT control. After, at t = 20 ms the battery increases the demanded current, when the RS converter is providing maximum power and the bus voltage is controlled by the grid converter. Finally, at t = 30 ms there is another load step and increase in the current demanded by the battery. It can be seen how the extra current is provided by the grid converter and the RS converter output current is adapted according to the deviation of the bus voltage, in order to keep its constant power. The polytopic models represent nicely all these effects.
Following, the inclusion of the secondary level techniques in the polytopic model is studied.
A. Voltage restoration
A possible disadvantage of the droop control is the voltage deviation from the nominal value, which is used to share the current among the converters controlling the bus voltage in parallel. In case this deviation is troublesome, it can be restored using low-bandwidth frequency communication. The idea is to measure the voltage deviation of the bus and add this value, using a PI regulator, to all the voltage references of the converters working with droop control.
where δv is the bus voltage deviation, K p and K i are the proportional and integral gains of the PI regulator, V DC is the nominal voltage of the bus, V bus is the bus voltage, and V ref i , K droopi are the voltage reference and the droop parameter of each of the converters using droop control. In order to include this technique into the polytopic model, the dc output voltage of the small-signal models can be defined as the voltage reference. In case this approximation does not provide accurate enough results, a new transfer function should be included to consider the dynamic behavior of the converter under a change in the voltage reference, as it was explained for the case of current controlled converters. The input-output equations of the converter would be as follows:
This technique has been applied to the previous test and the results are shown in Fig. 11 . It can be seen how the output voltage of the converters controlling the bus voltage is increased to restore the bus voltage after each perturbation. Consequently, the output current of the sources is lowered. The comparison shows how these effects and the dynamic behavior is well represented by the polytopic models. 
B. Current sharing
The other possible drawback is the effect of the line impedances on the current sharing among the converters regulating the bus in parallel. As these impedances are not taken into account, they can unbalance the current delivered by each converter.
Again, by using low-bandwidth frequency communication it is also possible to deal with this problem. A possible solution is to measure the output current of each converter, obtain the arithmetic average value and modify the voltage reference of the converters with the error by means of a PI regulator.
where i avg is the average value of the output currents of the converter, i j is the output current of each converter, n is the total number of converters that should have the same output current, and δi i is the output current error of each converter. The incorporation of this strategy in the polytopic model can be performed in a similar manner as explained before for voltage restoration.
The previous simulation is repeated, but this time, at t = 10 ms, the current sharing control is activated. The comparison is depicted in Fig. 12 . It can be seen how the converter providing more current decreases its output voltage and viceversa until their output currents are equalized. However, at t = 20 ms the RS converter switches to MPPT control and the controls are not able to get both objectives due to the maximum power limitation.
These simulations show how the proposed modifications to the polytopic model can be useful to study the effect of system- level control strategies from a blackbox perspective. Therefore, commercial converters can be tested individually in order to obtain their polytopic models and, afterwards, the techniques proposed can be added to the model in order to be able to simulate how they would behave together in a microgrid. Also the secondary control could be adjusted before the real microgrid has been assembled, avoiding unexpected failures.
V. CONCLUSION
Smart microgrids are expected to be composed of several commercial power converters. In order to be able to ensure an adequate system behavior before they are physically set up, suitable electrical models are required. The standard blackbox models usually use either linear approaches or they take into account static nonlinearities. However, it has been discussed that for microgrids using DBS this solution will normally be insufficient due to the wide range of possible operating conditions. In this paper the potential of the polytopic model for this application is studied by means of system level simulations containing several critical phenomena.
Voltage and current controlled converters has been addressed, detailing the most suitable two-port models in each case. Also changes in the reference have been taken into account. Regarding control strategies, converters that drastically change their control method are studied. Specially interesting is the case of RS interfacing converters, which change from droop control to MPPT according to the microgrid power state. Besides, simplified approaches to consider changes in droop parameters and variable RS generated power are proposed.
Finally, secondary control levels have been proposed in the literature in order to deal with some of the drawbacks of the DBS technique. In this paper, a possible method to incorporate these strategies into the previously obtained blackbox polytopic models is proposed. The simulation results of the switching and blackbox polytopic models are in good agreement.
